In this paper we suggest a new source of perturbative decay of the KPV-state, which might have consequences for the viability of the KKLT-construction. The results do not rely on any direct enhancement of the decay due to flux accumulating on the anti-brane in transverse space. Instead, we note that the system can lower its energy through a sequence of NS5-configurations all the way to the true vacuum, without encountering a barrier, if we allow for clumping of screened charge in space time. The clumping can possibly be a parallel to the Gregory-Laflamme instability of black branes. The results are obtained at large p, but for p/M arbitrarily small. It is furthermore argued that the results extend to cases of few or single anti-branes where quantization becomes important. We believe that it is important to investigate this possible effect further to judge whether there are any fatal consequences.
According to KPV, [1] , there is a way for anti-branes near the tip of a flux supported Klebanov-Strassler background, [2] , to decay, if the anti-branes polarize into an NS5-brane that moves across an internal S 3 . There is a competition between the cost in energy to expand the NS5 across the S 3 , and the force due to the background H-field. The result is a barrier that requires tunneling to get through.
In several works it has been observed that the H-field blows up near the anti-brane, see, e.g., [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] . There has been a long standing debate about whether this is a physical effect or not, but the conclusion seems to be that the effect is real. Physically, it can be understood as the accumulation of charge carried by the fluxes H and F 3 towards the anti-brane.
A remaining question is whether this pile up of flux will affect the stability of the system. It has been argued that the increase in the H field will increase the force on the NS5 brane, and lower the barrier against annihilation. In this paper we will not take such effects into account, but instead focus on another possible instability indirectly associated with the accumulation of flux. The fate of this possible instability will be of importance for the KKLT-construction of dS-space, [23] .
A clue to what might happen is that the amount of accumulated flux on the anti-brane is just right to completely screen the anti-brane when viewed from a distance in transverse space, [24] . As a consequence the system is, at least in some respects, very similar to a neutral black-brane. The properties of charged and neutral black branes in flux-backgrounds have been studied in, e.g., [25, 26, 27, 28, 29] , hinting at many interesting properties. Even though they are neutral, one can still speculate about their actual composition at a microscopic level. How much of the antibrane charge has actually been able to annihilate against the charged flux? It is interesting to compare with the microscopic picture of standard black branes in empty space proposed in [30] . There, branes and anti-branes are put on top of each other, but they nevertheless do not annihilate instantaneously. One can understand this from a thermodynamical point of view, where the temperature of the system provides the tachyonic open strings between the branes and anti-branes with thermal masses. The energy of the black brane is carried by the tension of the composite branes, and by the open string gas on top of them. The exact proportion is determined thermodynamically. Eventually the system decays through Hawking radiation as the open strings are converted into closed strings.. However, there is another interesting clue to the physics of the KPV-state that is suggested by the parallel with black branes. As discovered in [31, 32] by Gregory and Laflamme, a sufficiently extended black brane is unstable against clumping. For instance, it is suggested that the horizon of a black string develop irregularities, which leads to the black string transforming into a row of black holes. If the black string is carrying charge the end result is a string of pearls, where the pearls are black holes. This can be argued by considering perturbations of the metric, or by using a thermodynamical argument. In [30] the Gregory-Laflamme transition was used to derive properties of black holes in ten and eleven dimensions, through the use of unstable black D3-branes, black M2-and black M5-branes, respectively. Could there be a similar instability in the KPV-state? Instead of pursuing the parallel above further, we will try to answer this question using the microscopic description of the system in terms of NS5-branes.
The action we will use for the NS5-brane is given by [1] ,
where G ⊥ refers to two directions of the NS5 that wraps an S 2 on the S 3 , while G refers to the other four directions of the NS5. These will stretch over space time such that the remaining coordinate on S 3 , the angle ψ, in general will be a function of the space time coordinates. These will be time, two directions parallel, and one transverse, to what eventually will be a domain wall between the false and the true vacuum. We have that
where F 2 is the field strength of the world volume gauge field, and C 2 the gauge potential for the space time field F 3 . It is F 2 that tells us how much D3-brane charge is effectively carried by the NS5. As the NS5 moves across the internal S 3 from one pole to the other, the initial charge −p of the anti-branes, is converted into a net brane-charge of M − p. This is the number of branes that can nucleate when the NS5 reaches the other pole of the S 3 , and the transition to the true vacuum is complete. The radius of the S 3 is given by R ∼ √ gM . In [1] it is shown that the potential for a static configuration, with a constant angle ψ, is given by 0.93266. See [33] for more details on the geometry. Here, and in the rest of the paper, we are expressing the potential in units where the uplift is close to 2p M . A detailed study of the potential shows that there is a barrier for all values of p smaller than a critical value given by p ∼ 0.08M , where M is the flux number for F 3 . As a consequence, any decay is non-perturbative for values smaller than this. In particular, for values relevant for KKLT, e.g. p of order one, there is a very heavy suppression of the decay. The pile up of flux towards the anti-brane (or charged NS5) mentioned above may change this in some regimes, but, for simplicity, we will omit this effect in the present work. It has been argued in [24] that the effect will be negligible if p is small.
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We will generalize the above to configurations where ψ is no longer a constant as a function of space time. Furthermore, and this we believe is new, we will also allow for the density of screened flux to vary along a direction in space, and hence on the NS5. We parametrize the density using p, and allow p to become higher in some regions of space, and lower in others. We assume that the integral of p over space remains the same. Note that p always refers to the initial anti-brane charge not counting the contribution coming from C 2 . Our idea is to compare the energy for different configurations of the NS5 brane, and investigate whether it is possible to complete the transition without encountering a barrier.
Ignoring polarization, the energy as given by (0.3) is simply proportional to p, and the integrated value does not change. When we allow the NS5 brane to polarize, and relax to the value of ψ that locally minimizes the potential, there will be a slight lowering of the energy. As we will see the effect of lowering the energy is larger for larger values of p. This is connected to the fact that the barrier even disappears for p large enough. As a consequence, the energy will depend on the details of the clumping. In fact, our argument suggests that configurations with heavily peaked distributions of screened charge will have lower energy. Below we will verify this numerically.
To demonstrate our idea we will consider variations in only one direction. This direction can be viewed as being transverse to a domain wall that ultimately will separate the false vacuum from the true one. As we move across such a domain wall, the NS5 will move across the S 3 from a position near one pole all the way to the other pole. These kind of configurations were discussed in detail in [21] , where it was also explained how the effective tension of the domain wall, from the 4D perspective, is related to the strength of the barrier.
Let us now examine this effect from the point of view of the NS5-brane, and make use of the KPV-potential to show that there are paths in configuration space such that the system can lower its energy monotonically, while the NS5 goes completely over the S 3 in a limited region, thus initiating the decay. To do this we evaluate the energy of some interesting configurations. For simplicity, we will assume that a transverse distance L is divided into two regions such that L = L 1 + L 2 . Initially, we have a constant screened charge p << M across the whole distance, which will dissolve into the NS5 that in turn polarizes slightly. We will then examine what happens to the energy of the system if we let the system clump such that p 1 < p across L 1 , and p 2 > p across L 2 , with the total charge the same, i.e., p 1 L 1 + p 2 L 2 = pL. We will then examine different profiles for the N S5 and compare their energies. Figure 1 shows the case with constant p together with the polarized NS5. The energy of the configuration is given, in terms of the KPV-potential, by
where ψ min is the value of ψ that minimizes the value of the potential. In the figure, the small circle represents the S 2 positioned at angle ψ on the S 3 . The linear direction is transverse to the domain wall that eventually will appear. We have also two dimensions in the plane of the domain wall that we have suppressed. Figure 2 shows what we have in mind to describe the clumping. Here, we have two copies of the configuration to facilitate the interpretation of the process as bubble nucleation of the true vacuum. We assume that the NS5 is positioned in such a way that, given p i and L i , it minimizes the energies separately in the two regions. We see in the figure how it reacts to the differing values of p. Note that, in this example, the NS5 reaches a maximum value of ψ in the middle, and goes back down again ending near the same pole on the S 3 where it started. This particular configuration, therefore, does not represent a transition.
As we will see, and this is the main result of the paper, the configuration in figure 1 is a solution of the equations of motion, but an unstable one. This means that we can lower the energy by considering violations of the equations of motion for the position ψ of the NS5, as a function of space, and the field strength F 2 on the NS5. The violation of the equations of motion for such a static configuration acts like a force that will drive the system to even lower energies.
To calculate the energy in cases where we have a nontrivial dependence on the shape of the NS5 brane as a function of space, ψ = ψ(s), as well as a non-trivial distribution of charge, p = p(s), we must re-examine the expression for the potential. We let the three world volume coordinates on NS5 that lie along the S 3 be (ξ, θ, φ). For the angles θ and φ we do not make a distinction between the coordinates on the S 3 , and the corresponding coordinates on the NS5. In the remaining direction, however, the coordinate ψ on the S 3 , and the coordinate s in space, are nontrivial functions of ξ.
The charge carried by the NS5 is due to the components F θφ of the shifted two-form gauge field in (0.2). We have 5) and want this integral to vary as we move in ψ over the S 3 . At first sight, this seems to violate charge conservation from the point of view of the NS5. After all, F 2 can be viewed as being sourced by a magnetic monopole charge −p sitting at the pole, and the integral in (0.5) should be independent of where the S 2 is positioned. This is true if only the components F θφ are turned on, but need not be the whole story. We see this from solving the Bianchi identities for the magnetic field using a gauge potential such as, e.g., A φ = p cos θ. If we let p be a function of ψ (violating the static equations of motion in accordance with our strategy), we will generate new terms of the form F ψφ (and in general F ψθ ), which will cost energy. These will act like new sources that can screen and anti-screen the charge at the pole. There is only one consistency condition that needs to be fulfilled, we impose S 3 /{NP,SP} dF 2 = 0, outside the singular sources at the poles. This is automatic since p is a single valued function that will integrate to its original value. In other words, the screening charges mimicked by F ψθ and F ψφ sum up to zero.
While we have argued that a varying p is consistent with charge conservation, and the Bianchi identity, there will still be a cost in energy to make these deformations. We now turn to an estimation of this. If we evaluate the NS5 action in the presence of these new terms, the piece responsible for the tension of the NS5 will be proportional to
(0.6)
Here we have been careful in expressing everything in terms of the world volume coordinate ξ on the NS5, with ψ a function of ξ. From this we conclude that the induced metric on the NS5 is given by
while the new components of F 2 are given by
This gives
When ψ, and p, are constant we can simply drop all terms with dψ ds
, and all terms with F 2 except the F θφ . We are then back at (0.3). However, at the points where p makes a jump these terms will contribute. In fact, in the limit of a sharp jump, the expression will be dominated by
which is the cost of the jump. The integral over the sharp jump picks up a factor that tells us how far ψ moves during the jump, which in general will be of order 1. This multiplies an expression that will be of order R, and not scale with L. Note that F ψθ and F ψφ , are finite when expressed using an index ψ rather than ξ. In units where the uplift is of order
the maximum is at order 1. So, we find a contribution of order R from the discrete jump, while, as we will see, the gain in energy will scale like L. Hence, if we take L/R sufficiently large the contributions from the steps can be neglected. This is a crucial part of the argument, which we will come back to later.
The dominating contributions (when L >> R) then gives
to be compared with the value E 0 for the false vacuum. Our main result is that we can construct a continuous path, starting at E 0 , where the energy E 1 along the path monotonically decreases all the way until the transition is completed.
We will now consider a numerical example. We choose p = 1 and M = 1000, which is well within the regime where, according to KPV, the system is meta-stable with a huge barrier, and cannot decay classically. Figure 3 shows the results, and we clearly see the promised decrease in the energy as the clumping proceeds.
To further illustrate what is happening, table 1 compares the energy for a few selected configurations where L 1 = 0.99 and L 2 = 0.01 are held fixed, while varying p 1 and p 2 . The corresponding Figure 3: A plot of the total energy as a function of p 2 is shown in black, demonstrating the instability of the configuration in figure 1 . The contribution from the piece of space with p = p 1 is shown in red, while the contribution from the piece with p = p 2 is shown in blue. Note how the increase in energy in the first region is compensated by a slightly larger decrease in the second region. Table 1 : The total energy for some different configurations of screened charge. potentials for these cases are shown in figures 4-7. In the final example the contribution to the energy from the piece L 2 vanishes, since the barrier is now gone, and the NS5 has collapsed at the other pole. This is simply because the local ratio p/M is enhanced above the critical value of ∼ 0.08. In figure 8 we see the configuration of screened charge and the NS5, respectively. From this point on the system can lower its energy simply by letting the bubble of true vacuum expand.
We are now ready to make an estimate of how large L needs to be. We have a cost in energy from the jumps of order R, which should be compared with the reduction in the energy of the configuration that just made the transition, ∼ L 2 p M , and hence we need L 2
M R p
. On the other hand, we need roughly L/L 2 ∼ 10
to remove the barrier, and therefore L 10
In our particular example, this translates into L 10 5 R. The inequality is to make sure that the terms we neglected are small compared to the ones we kept, but one should not that the instability shows up already when the inequality is saturated. What role does the pile up of flux responsible for the screening actually play? In our calculation it does not play a direct role, but is just an indirect, even though unavoidable, consequence of the presence of the background flux. Are there corrections that we have not taken into account that could be due to the pile up? This has been the subject of some controversy. In principle the presence of the pile up could speed up the process, but [24] has argued that such an effect would be very small -at least for small p.
From a space time point of view, at large distances, the presence of the screening makes it natural to interpret the process as a Gregory-Laflamme transition. The scale L of the instability is much larger than R, and thus can be viewed as a property of a neutral fluid. The fluid contains components that are mutually non-BPS so that the gravitational force is not balanced. It is therefore natural to expect the system to gain energy when it clumps. If this effect is fully taken into to account the process we have discussed should proceed with even greater ease.
One concern with the KPV-approach, as well as with KKLT, is the validity of the calculations at small p, such as p = 1, where quantization plays a role. In the numerical calculations of this paper we formally put p = 1, and discovered a possible instability. To safely sit in the classical regime one should take p large, and scale M such that p/M remains the same. The removal of the barrier depends on this ratio only, and we have seen that the p ∼ 0.08M is easily circumvented by using peaked profiles in space time.
So, what about p small, such as p = 1? One possibility is that we in the quantum mechanical treatment need to consider discrete transitions. For instance, one could imagine that we, in our example above, directly make a transition from p = 1 to a state with p 1 = 0 and p 2 = 100, with L 2 = 0.01L. Our analysis shows that even though the quantum system makes a direct jump, there is a classical path that connects these states. Alternatively, one can connect the two states by choosing p 1 = 0, and p 2 = 1/L 2 , while adjusting L 2 in discrete jumps all the way up to p 2 = 100. It is easy to convince oneself that this is also a trajectory with monotonically decreasing energy. One can then ask whether the time it will take to make these quantum transitions will differ in a significant way from the time it takes for a classical transition.
It is instructive to compare with positronium. Classically, the electron and the positron can fall closer to each other, shifting from one orbit to another lowering their energy, while emitting radiation. In quantum mechanics, the transitions occur, in contrast, in discrete jumps. However, it is not difficult to see that the time it takes for the classical fall, together with the emission of radiation according to the Larmor formula, is of the same order as the average time it takes for the quantum transition. Hence, the quantization as such need not necessarily change the life time of a state in a significant way. An exception is, of course, ground states. The crucial result of our analysis is that there is a classical path without a barrier connecting the states. The importance of this fact remains even if we take the quantization of p into account.
Our argument suggests that quantization need not be an issue, and that there is nothing special with p = 1. Is there a loophole? There has been suggestions that, in contrast to p > 1, the case p = 1 does not polarize and behaves in a completely different way. Support for this point of view comes from interpreting the work of [34, 35] as requiring at least p = 2 to give polarization. This is in contrast with the NS5-picture, which does not indicate such an unexpected difference. A conservative interpretation would be that the somewhat unnatural discrepancy at p = 1 is an artifact, and not solid enough to be the foundation of a stability argument. Nevertheless, this seems to be among the most crucial questions to sort out if the KKLT-construction is to be put on firm ground.
It is important to note that our result is robust with respect to several kinds of corrections to the potential. Terms with higher order derivatives would contribute to the kinks in the profile, but such corrections can be made sub-leading simply by choosing L large enough. Corrections important when p/M is small, will mostly affect the part of the profile where p = p 1 . Adopting profiles with p 1 = 0, and varying L 2 , the importance of such corrections can be reduced.
One should also stress that the process involves small energy differences, with length scales that are large compared to the string scale and R, the size of the S 3 . Nevertheless, all of these scales are microscopic. It is natural to expect that the characteristic time scale of the process will be given by scales like this, and the uplift. This would still give a much shorter time than the Hubble time corresponding to the dark energy. The uplift given by the anti-brane, as calculated by KPV, is carefully balanced against the negative energy of a supersymmetric AdS-vacuum. Even a tiny perturbation in the KPV-energy can translate into a huge change in the effective cosmological constant. This puts further constraints on attempts to construct a realistic model despite the instability.
Let us summarize what our claim is. Starting with a homogeneous distribution of screened charge, the system can continuously lower its energy all the way to the true vacuum without encountering a barrier. Hence, we expect an instability towards spontaneous creation of bubbles of true vacuum. It seems important to investigate this possible effect further to see whether it puts constraints on the KKLT-construction. In particular it would be interesting to see whether there is a connection with the Gregory-Laflamme instability.
